Abstract. Collocated in time and space, top-of-the-atmosphere measurements of the Earth radiation budget (ERB) and cloudiness from passive scanning radiometers, and lidar-and radar-in-space measurements of multilayered cloud systems, are the required combination to improve our understanding of the role of clouds and radiation in climate. Experiments to fly multiple satellites "in formation" to measure simultaneously the radiative and optical properties of overlapping cloud systems are being designed. Because satellites carrying ERB experiments and satellites carrying lidars-or radars-in space have different orbital characteristics, the number of simultaneous measurements of radiation and clouds is reduced relative to the number of measurements made by each satellite independently. Monthly averaged coincident observations of radiation and cloudiness are biased when compared against more frequently sampled observations due, in particular, to the undersampling of their diurnal cycle. Using the Colorado State University General Circulation Model (CSU GCM), the goal of this study is to measure the impact of using simultaneous observations from the Earth Observing System (EOS) platform and companion satellites flying lidars or radars on monthly averaged diagnostics of longwave radiation, cloudiness, and its cloud optical properties. To do so, the hourly varying geographical distributions of coincident locations between the afternoon EOS (EOS-PM) orbit and the orbit of the ICESAT satellite set to fly at the altitude of 600 km, and between the EOS PM orbit and the orbits of the PICASSO satellite proposed to fly at the altitudes of 485 km (PICA485) or 705 km (PICA705), are simulated in the CSU GCM for a 60-month time period starting at the idealistic July 1, 2001, launch date. Monthly averaged diagnostics of the top-of-the-atmosphere, atmospheric, and surface longwave radiation budgets and clouds accumulated over grid boxes corresponding to satellite overpasses are compared against monthly averaged diagnostics obtained from hourly samplings over the entire globe. Results show that differences between irregularly (satellite) and regularly (true) sampled diagnostics of the longwave net radiative budgets are the greatest at the surface and the smallest in the atmosphere and at the top-of-theatmosphere, under both cloud-free and cloudy conditions. In contrast, differences between the satellite and the true diagnostics of the longwave cloud radiative forcings are the largest in the atmosphere and at the top-of-the atmosphere, and the smallest at the surface. A poorer diurnal sampling of the surface temperature in the satellite simulations relative to the true simulation contributes a major part to sampling biases in the longwave net radiative budgets, while a poorer diurnal sampling of cloudiness and its optical properties directly affects diagnostics of the longwave cloud radiative forcings. A factor of 8 difference in the number of satellite overpasses between PICA705 and PICA485 and ICESAT leads to a systematic factor of 3 difference in the spatial standard deviations of all radiative and cloudiness diagnostics. 
Introduction provide a full three-dimensional view of the cloud fields. In addition, we would fly these active instruments in formation with not only EOS PM at 1330 LT but also EOS AM at 1030
LT and the Tropical Rainfall Measuring Mission (TRMM) [Simpson et al., 1988 ] in a precessing variable local time orbit so that we could sample the diurnal cycle 6 times per day [Young et al., 1998 ].
Power, mass, and cost limitations dictate that such observations be available in one orbit, and only at nadir in this initial mission. Because radar and lidar-active signals decrease at the square of the satellite altitude, there is clearly an advantage in placing these satellites at as low an orbit altitude as possible. The TRMM precipitation radar is the primary reason for the TRMM satellite orbit altitude of 350 km. Higher altitudes are less of a problem for passive radiometers, however, and global coverage favors higher altitudes such as the 705 km altitude of the EOS-PM platform. A second complication arises when it is desirable to formation fly multiple satellites. The period of a satellite orbit depends on altitude. As a result, two satellites with different orbit altitudes will come in and out of phase within the orbit plane, even if both satellites are in 1330 LT Sun-synchronous orbits. In summary, there are three sampling issues that will arise in matching the new lidar and radar satellite data to more traditional passive scanning radiometers: (1) the effect of satellite altitude on the fraction of the data which is nearly simultaneous in time, (2) nadir sampling versus the -2000-km swath coverage of the passive radiometers, (3) diurnal sampling at only 1330 and 0130 LT.
The first two of these sampling issues will lead to random errors with no bias error. The last sampling issue will lead primarily to bias errors, depending on the amplitude of the diurnal cycle.
What is a reasonable time simultaneity requirement to match cloud and aerosol data from multiple spacecraft flying in formation? Experience with spatial variability of clouds on scales from 30 m to 300 km indicates that the greatest challenge will be matching lidar and radar cloud layering information rigorously to the cloud optical properties and radiative fluxes estimated by MODIS [Baum et al., 2000a, b] and CERES [Wielicki et al., 1996] . The time simultaneity requirements for broadband radiation and cloud optical properties (e.g., CERES and MODIS) has been specified as a range of plus or minus 6 min. This range allows matching of the cloud reflectance or cloud optical depth to a relative l rr noise of less than 10% over a typical CERES 20 km field of view [Wielicki et al., 1995] .
Current technology and resource limitations restrict us to consider nadir-pointing cloud lidars and radars only. Because lidars and radars are active systems, their power requirements scale linearly with the number of fields of view, so scanning lidars and radars require much greater power or antennas to reach the same signal to noise level as passive instruments. Nevertheless, so little information is available concerning multiple cloud layer situations (estimated to be more than half of all cloud observations according to surface observers [Warren et al., 1985; Tian and Curry, 1989; Wang and Rossow, 1995] that even nadir-only lidars and radars will help greatly.
For diurnal sampling, measurements 6 times per day, from either three spaced Sun-synchronous orbits or two Sunsynchronous orbits and one rapidly precessing orbit like that of the Earth Radiation Budget Satellite (ERBS) [Barkstrom and Smith, 1986] , have been shown to be adequate for the diurnal sampling of shortwave and longwave radiative fluxes and cloud optical properties. As a reference, the International Satellite Cloud Climatology Project (ISCCP) [Schiffer and Rossow, 1983 ; Rossow and Schiffer, 1999] typically includes 8 samples per day with geostationary coverage and 4 times per day from polar orbiters only. Optimally, we desire global coverage 6 times per day along with a plus or minus 6-min time simultaneity between cloud imager and radiation budget data. However, because of cost constraints, we will initially only be able to afford lidar and radar in single orbits.
In summary, practical limitations in the next several years will cause as many as three fundamental sampling limitations using current lidar and radar technologies and current science budget restrictions: (1) sampling nadir only, not full swath coverage as may be obtained with MODIS and CERES cloud and radiation data; this will greatly increase spatial sampling errors; fortunately, cloud layering is one of the most spatially contiguous of cloud properties; nevertheless, some sense of the added noise caused by nadir-only observations is required; (2) sampling on one satellite only; this problem will inevitably cause diurnal sampling errors because of the relatively large diurnal cycles present in both cloud properties and radiative fluxes; a good example is the tropical land and summer hemisphere land diurnal cycle of deep convection; another is the diurnal cycle of marine boundary layer clouds; (3) some lidar observations may be taken in orbits which cannot synchronize with the EOS Sun-synchronous orbits at 705 km orbital altitude. There are potentially two problems. First, orbit inclination determines the rate at which the satellite orbit precesses around the Earth's axis. For orbits inclined at 81 ø or 99 ø relative to the equatorial plane, the orbit precesses only once a year, and therefore remains synchronized to the local time of day at each equatorial crossing time. An orbit inclined at 57 ø (e.g., the ERBS spacecraft carrying the ERBE and SAGE II instruments) precesses almost exactly 5 times per year. As inclination angle decreases, the precession rate increases. The TRMM spacecraft orbit inclined at 35 ø precesses 7.5 times per year. This means that the TRMM orbit changes the local time of day sampled by the ascending (south toward north) equator crossing of the orbit through a 24-hour period 7.5 times per year. A geostationary orbit has a 0 ø inclination and has a precession period that is defined by its orbital period. Since the orbital period increases with the altitude of the orbit, a geostationary orbit is simply the altitude at which the orbital period is equal to 1 day. The orbital period dependence on altitude, however, brings a second complication. Even if an orbit were matched in inclination to the EOS-PM orbit for example, if the orbital altitude is decreased to improve lidar and radar signal to noise ratio, then the orbital periods of the two spacecraft would no longer synchronize. In this case the two satellites will come into and out of phase with each other, with the phasing depending on the fractional difference in the orbital period.
Note that the typical orbit period for an orbit altitude of 700 km is roughly 100 min. In summary, there are two orbital characteristics that will affect the ability to obtain "formation flying" with multiple spacecrafts: orbit inclination (i.e., local time of precession) and orbit altitude (i.e., orbital period).
There are three basic orbits that have been planned or proposed in the last several years to provide cloud lidar and or radar data to support studies of cloud layering in the radiative heating of the Earth and the atmosphere. The three satellites and their characteristics are given in Section 3 focuses on the design of the experiment with the CSU GCM. Because our results focus on longwave radiation budgets and cloudiness, we feel that it is important to provide a short description of the parameterizations of convective and large-scale condensation processes, cloudiness, and of the parameterization of radiative transfer at long and short wavelengths. This is done in section 4. Differences between monthly averaged satellite and true diagnostics of the TOA, ATM, and SFC longwave radiation budgets are discussed in section 5. The impact of the satellite sampling on cloudiness is described in section 6. Section 7 summarizes our findings and provides insights for the design of future satellite experiments.
Synchronization of Orbits
The present paper investigates the sampling errors for the three satellite orbits shown in Previous studies using ISCCP cloud layering data [Charlock et al., 1994] have tried varying assumptions about cloud layer overlap, including maximum, random, and minimum overlap in order to do sensitivity studies of the effect of cloud overlap on radiative heating. These studies have shown that the largest effects of cloud overlap are found for downward surface longwave fluxes and on vertical profiles of longwave heating rates within the atmosphere. The present study will focus on the sampling of these fields for future measurements of cloud layer overlap in conjunction with cloud optical properties and radiative fluxes at the top of the atmosphere. This combination should lead to a great improvement in the rigor in estimating longwave fluxes at the surface and within the atmosphere.
While the ICESAT sampling clearly allows only a very limited amount of time that is simultaneous with EOS AM and EOS PM (e.g., 1.5% of the time for each satellite), it nevertheless will still be extremely useful for initial global studies of multilayered clouds. It will also allow collection of some cloudlayering data at varying times of the day. Unfortunately, because of the slow precession period (24 hours in 2 years), it will not be possible to unscramble the seasonal cycle from the diurnal cycle using the ICESAT data. For example, if ICESAT is launched in June at a local time of 1330 equator crossing, each successive June with ICESAT data set will sample at 1330. July will sample at 1430, August at 1530. The strong convective diurnal cycle of cloud layering in the Northern Hemisphere summer will not be seen by this data set. Nevertheless, ICESAT will provide critical cloud-layering data, especially over the polar regions where imager-derived cloud properties are extremely uncertain. In this case, the diurnal cycles are small, the ICESAT will thoroughly sample the polar regions.
The 
Design of Experiment
The objective of this study is not to compare the top-of-theatmosphere (TOA), atmospheric (ATM), and surface (SFC) longwave radiative budgets, and the cloudiness and its optical properties simulated by the CSU GCM against satellitederived observations. The goal of this experiment is in using the CSU GCM to quantify the impact of irregularly sampled in time and space radiation budget and cloud characteristics, as is the case for measurements taken by onboard satellite instruments. Radiation-and cloudiness-related quantities simulated by the model will be later referred to as "true" diagnostics based on the fact that the CSU GCM provides an uninterrupted hourly sampling, and simulated monthly averages are computed from exactly 720 samples at each model grid box for a 30-day month. "Satellite" diagnostics will refer to diagnostics obtained by the model when a mask that tracks the location of coincident grid points between the ICE SAT and the PIC-ASSO satellites and the EOS-PM platform is applied at a specific GMT time. Unlike with the CSU GCM, the number of The parameterization of longwave and shortwave radiative transfer processes is described by Harshvardhan et al. [1987] . At long wavelengths the upward and downward clear-sky longwave fluxes are computed using the broadband absorptivity concept. Broadband absorption and emission by H20 [Chou, 1984] , CO2 [Chou and Peng, 1984] , O3 [Rodgers, 1968] , and the water vapor continuum [Roberts et al., 1976] 
Impact of Sampling on Radiative Budgets
A large number of monthly averaged diagnostics related to cloud properties, all-sky and clear-sky net longwave radiation, and cloud longwave radiative forcings simulated at the top of the atmosphere, in the atmosphere, and at the surface were saved for each orbit simulation and compared against the true simulation. Table 2 provides a list of those diagnostics and their acronyms. Table 3 provides a summary of the sampling bias attached to each monthly averaged longwave radiation diagnostic obtained with PICA705, PICA485, and ICESAT for July 2001. In Table  3 the bias is defined as the globally averaged difference between monthly mean diagnostics obtained with either satellite orbit and the true diagnostics. It is a measure of the impact of poorer diurnal sampling in the PICA705, PICA485, and ICESAT simulations relative to the hourly sampling in the true simulation with the CSU GCM, at individual model grid points. We define o-to be the standard deviation of the sampling bias at individual grid points, computed from the global mean bias. It is a measure of the spatial variability of the bias due to the irregular geographical distribution of coincident satellite overpasses between model grid points.
Regional Sampling
Looking at Table 3 reveals that for the three satellite orbits, diagnostics of the net longwave radiation at the surface display the largest biases, whereas diagnostics in the atmosphere and at the top of the atmosphere display smaller biases. The decreased bias between diagnostics of the net longwave radiation at the surface and the top of the atmosphere is true under both all-sky and clear-sky conditions, indicating that the magnitude of the bias is more strongly influenced by the diurnal cycle of the surface temperature than that of the atmospheric temperature, water vapor, and cloudiness, even at the top of the atmosphere. It is interesting to note that in the three simulations the biases in SFClw and SFClwc• have about the same magnitude, while the biases in TOAlwc• are systematically less than those calculated for TOAlw, and the biases in ATMlwc• The description of each GCM diagnostic is given in Table 2 observed over the Himalayan Plateau. In addition to the small number of satellite overpasses which affects a proper sampling of the diurnal cycle at individual grid points, the uneven number of overpasses between adjacent grid points contributes a major part to the increased noisiness of the sampling bias. One interesting feature to note is the sign change between the bias observed over the Himalayan and Tibetan Plateaus and ob- 
Zonal Mean Samplings
We now focus our discussion on the diurnal and spatial sampling biases computed over the 60-month simulations. Table 4 is as Table 3 but summarizes zonal mean sampling biases among PICA705, PICA485, and ICESAT, and the true simulation. In Table 4 Comparing Table 4 against Table 3 reveals that zonal mean longwave radiation diagnostics show similar patterns of diurnal and spatial sampling biases as regional diagnostics. As on regional scales, the bias of zonal mean net longwave radiation decreases between the surface and the top of the atmosphere, for both all-sky and clear-sky conditions. As for regional diagnostics, this effect results because of the decreased sensitivity of the top of the atmosphere relative to the surface net longwave radiation to the diurnal cycle of the land surface temper-ature. As already seen in Table 3, Tables  5 and 6 , respectively. Acronyms used in both tables are listed in Table 2 . One of the most interesting feature to note is that in contrast to longwave radiation-related diagnostics, regional and zonal mean sampling errors do not increase as the number of accumulated coincident grid points decrease, but rr values do. For instance, the regional bias in Fclr is equal to 0.43% in PICA705 and equal to 1.36 and 0.23% in PICA485 and ICESAT, although the diurnal sampling is strongly reduced in 
Summary and Conclusion
Means to measure the radiative and optical properties of multilayer cloud systems are to combine top-of-the-atmosphere radiative measurements from conventional passive scanning radiometers with measurements of the vertical distributions of clouds and their optical properties from lidars and radars in space. The disadvantage in using spatially and temporally collocated observations from two different spacecrafts is a poorer diurnal sampling of radiation and clouds relative to the one made by each satellite independently. The goal of this study was to estimate the magnitude of this diurnal sampling bias on top-of-the-atmosphere, atmospheric, and surface longwave radiative energy budgets and cloud properties by tracking the path of coincident grid points between the ICESAT and the PICASSO satellites and the EOS-PM platform using the CSU GCM.
1. The poorer sampling of the diurnal cycle of the surface temperature in ICESAT, PICA485, and PICA705 relative to that in the CSU GCM contributes a major part to the magnitude of the regional and zonal mean biases and or. Because the effect of the diurnal cycle of the surface temperature peaks at the surface and decreases with height, regional and zonal mean biases and cr of the net longwave radiation at the surface are greater than those of the atmosphere and at the top of the atmosphere. Regional and zonal mean biases and cr of the longwave radiative heating rates are also greater in the lower than in the upper troposphere. This result applies to the three orbits under all-sky and clear-sky conditions. 2. In contrast to biases in the longwave net radiation budgets, biases and cr in the longwave cloud radiative forcings are the smallest at the surface and the largest at the top of the atmosphere. This makes sense because the contribution of decreased samplings of the surface temperature and atmospheric temperatures and water vapor have been removed, and regional and zonal mean biases can be explained in terms of the diurnal sampling of cloudiness only.
3. Biases and cr values of longwave radiation diagnostics increase as the number of coincident grid points between the EOS-PM Sun-synchronous orbit and the lower inclination orbit (PICA705, PICA485, and ICESAT) decreases. The factor of 8 decrease in the number of accumulated coincident grid points between PICA705 and PICA485 and ICESAT should theoretically leads to a 2.8 increase in the cr values between PICA705 and the other two satellite simulations. This agrees well with the results shown in Tables 3 and 5 for the longwave radiation and cloud-related diagnostics.
The magnitudes of the regional and zonal mean biases and o-s listed in Tables 3-6 are, to a certain extent, dependent on the spatial resolution of the CSU GCM. We expect the impact of the GCM grid size to be greater in PICA485 and ICESAT than in PICA705 because the geographic distributions of the monthly averaged number of satellite overpasses are noisier in those two simulations. Increasing the spatial resolution of the CSU GCM would increase the spatial standard deviation of the mean biases of all radiative and cloud diagnostics. Increasing the horizontal resolution of the CSU GCM would also modify the simulated climate, enhancing regional differences in the geographical distributions of longwave radiation budgets and cloudiness. Therefore we would expect significant differences in the magnitude of the mean biases as well. To quantitatively determine the actual impact of increasing the spatial resolution of the CSU GCM would require to run new ICESAT, PICA485, and PICA705 simulations as future research. 
